Introduction
Spinal metastasis is the most common tumor in the spinal system. The most common histologies for spinal metastases are the breasts, the lungs and the prostate. 1 The compression or invasion of the spinal cord and/or nerve roots is the most common presentation in patients with advanced-stage cancer. Although affected patients with spinal tumor burdens can be treated with laminectomy, quality of life is not actually enhanced after such treatment. Surgical interventions are palliative rather than curative for most patients because of the frequent local recurrence of the tumor. Radiation therapy is still needed after surgery. In clinical practice, postoperative chemotherapy in some patients is more urgent than radiation therapy. Therefore, the reduction of postoperative recurrence has become a priority in these patients. Microwave ablation (MWA) therapy has been widely used in treating liver tumors, but it has been rarely reported in spinal metastases treatment. Given the long survival period of breast cancer patients and the superficial thoracic anatomic position, treating thoracic metastases with MWA is beneficial and easy. Therefore, this study was designed to assess the feasibility and outcome of MWA performed for patients with breast cancer thoracic metastases. It aimed to assess the safety and short-term efficacy of MWA in patients with breast cancer thoracic metastases.
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Materials and methods Patients
The clinical data of all patients with a single lesion of breast cancer thoracic metastases treated with MWA between August 2014 and November 2016 in our institution were collected and reviewed. The patients with the following criteria were included in the study: Tokuhashi score greater than 8 with definite indications for operation (pathological compression fractures, mechanical instability, radiological and/or clinical metastatic spinal cord compression). The relevant human materials were reviewed and approved by the ethics committee of the Affiliated Tumor Hospital of Guangxi Medical University, and the study is deemed to meet the medical ethical requirements. All patients provided their written informed consent for the publication of the accompanying images and for this study.
Procedure
A posterior or lateral approach was used in patients undergoing breast cancer thoracic metastases surgery. After the exposure of the thoracic metastases lesions with decompression and a posterior internal fixation with a screw-rod system, the 2,450 MHz MWA system (ECO-100A1, YiGao Medical Instruments, Nanjing, People's Republic of China) was used with antennae. Single or double MWA surgical antennae were introduced through a vertebral pedicle using X-ray guidance (Table 1) . Thermal sensors were laid at the vertebral anterior, vertebral center and vertebral posterior margin. Before ablation with the antennae in place, a tissue biopsy was performed with a biopsy needle under C-arm guidance (Figure 1 ). The microwave antenna was inserted into the vertebral body through a vertebral pedicle, and MWA was typically started with simultaneous thermometry until the treatment end point of 45°C. Ablation was conducted at 40 W or 50 W for 15-30 minutes of ablation depending on whether the ablation temperature reached the target temperature ( Table 1 ). The remainder of the procedure was identical to the thoracic spine decompression surgery procedure. 
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Imaging follow-up and data recording
The following data were collected and recorded in a computerized database. Surgical prognosis was appraised using the ASIA impairment scale and thoracic vertebra contrastenhanced computed tomography and magnetic resonance imaging at 1, 3 and 6 months after operation (Table 1) . A complication was described as any adverse event after MWA, including fever, acute pain, nerve injury and leakage of cerebrospinal after the surgery. Treatment recurrence was defined as any recurrence (including neurological symptoms and imaging) in the breast cancer thoracic spine after MWA treatment. Complications were graded according to the Common Terminology Criteria for Adverse Events (Version 5.0). The variables were expressed as the mean ± SD. Patient treatment outcomes were measured in terms of complication rate and recurrence rate.
Results
Characteristics of patients
The patient tumor characteristics and procedure characteristics are summarized in Table 1 . During the study period, 12 female patients with an average age of 52.7±8.4 years (range: 41-68 years) underwent MWA for breast cancer thoracic metastases. The average ablation time was 20.0±4.7 minutes (range: 15-30 minutes). All patients were followed up after surgery.
Procedure-related complications and recurrence rate
Among the 12 patients, major complications were observed only in one (8.3%): a nerve injury that required medical intervention. The patient eventually recovered. All the other patients with other complications recovered within 1 week after appropriate symptomatic treatments (Table 2) . For all the patients, the recurrence rate was 16.6% (2/12). During a mean follow-up period of 10.2 months (range: 6-15 months), one patient developed local tumor progression at the MWA site within 3 months after ablation and one patient developed local tumor progression at the MWA site within 6 months after ablation. At the end of the study, no postoperative complications were observed (Table 1) .
Discussion
Posterior laminectomy has been used since the 1980s to improve the local control of spinal metastases in tumor patients with severe neurological deficits. 2 The elimination of spinal cord compression caused by spinal metastases is the goal of the treatment. Even if spinal metastases surgery is initially successful, it could ultimately fail because of short-and intermediate-term local recurrence. The traditional surgery treatment recurrence rate for spinal metastases is high. Therefore, most patients need further radiotherapy to control the progression of the tumor. In 1995, Hellman and Weichselbaum proposed a new term, "oligometastases," to describe the local control of the metastatic tumor. 3 For oligometastases, patients show distant relapse in a limited number of regions. Local treatment, such as surgery, radiotherapy and ablation, can significantly improve the quality of life of patients. New techniques for tissue destruction have been created with rapid technological developments, such as microwaves. MWA has been applied to control multitudinous tumors with fewer complications [4] [5] [6] [7] and it has been investigated in the treatment of spinal metastases. 8 However, data on the safety and efficacy of MWA combined with open surgery as a palliative treatment for spinal metastases are still lacking. The study chose thoracic spine metastases of breast cancer to further verify the safety and efficiency of MWA.
The most important safety predictors of microwave therapy are the needle position and the ablation temperature. The needle position is the most significant independent factor related to the increased risk for ablation failure in lesions of breast cancer thoracic metastases. Moreover, the main problem associated with efficacy is the relatively restricted ablation scope. In this study, after surgical decompression for the posterior column of the spine, the anterior spinal metastases can be destroyed with a single antenna or double antennae in the right position through the vertebral pedicles. The pedicle approach is the most efficient and the safest method for 
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Liu et al preventing nerve injury. Moreover, temperature is the most predominant environmental factor in causing injury to living cells. The upper lethal temperature for plants and animals is less than 50°C. When temperatures reach 60°C-100°C, the instantaneous induction of protein coagulation induces irreversible damage to key cytosolic and mitochondrial enzymes as well as to the nucleic acid-histone protein complex. 9 Thus, the key goal of ablative therapies is theoretically achieving and maintaining a 60°C-100°C temperature in the center of the vertebral body within a controllable range. Studies have proved that heating nervous tissue at 45°C for 10.8 minutes causes 50% damage. 10, 11 To protect the spinal cord, portions of spinal metastases do not reach the 60°C-100°C temperature during ablation. A non-uniform ablation zone refers to the tissue and water content heterogeneity between different spinal metastatic carcinomas. Based on the above restrictions, repeated ablation remains the primary treatment modality for thoracic metastatic carcinomas in the short-term to avoid unremitting high temperature. This study proved the safety of ablation treatment for breast cancer thoracic metastases. Few complications were observed in the MWA procedure, and all patients tolerated the procedure well. Procedure-related nerve injury was defined as limb paresthesia or leg weakness and occurred infrequently (1/12, 8.33%) .
In this study, all the patients suffered from compression or invasion of the tumor or were at risk of being compressed or invaded. The goal of local control was to prevent tumor progress and/or to reduce tumor bulk. The findings of this study suggest that MWA has distinct advantages in the local control of breast cancer thoracic metastases. First, in the electromagnetic environment, a high intratumoral temperature is produced by the agitation of water molecules. Consequently, MWA causes cellular death through coagulation necrosis. Therefore, microwaves have the advantage of deeper penetration, which is insensitive to impedance. The use of microwaves is extremely beneficial to bone, given its high impedance for less energy deposition. In contrast to MWA, radiofrequency ablation (RFA) has physical limitations in bone. Similarly, carbonization secondary to temperature changes limits electrical conduction. Many studies have demonstrated that MWA takes less time to treat bone lesions than RFA. 8, 12, 13 Second, previous studies showed that microwaves have no direct effect on revascularization and new bone formation 14 and that osteoconduction properties do not change after heat necrosis. The devitalized osseous structure provides an effective biological scaffold for reconstruction. To reduce the risk of a vertebral body pathological fracture, the scope of resection should be limited to 30% or less in the vertebral body. Furthermore, cementoplasty can be performed in association with MWA to prevent pathological fracture and defend against metastatic tumor development. 15 Third, MWA is suitable for use in areas that have been previously irradiated and areas near the spinal cord, where radiation therapy is contraindicated. The efficacy of MWA has been increasingly demonstrated in larger tumors. During the follow-up period in this study, one patient presented with breast cancer thoracic spine recurrence evidenced by new tumors at 3 months and one patient presented with spine recurrence evidenced by new tumors at 6 months. The 6-month 16.6% recurrence rate of target thoracic spine metastases demonstrates that MWA is an effective local treatment in patients with breast cancer thoracic spine metastases.
Until now, experience with breast cancer thoracic metastases treatment using microwaves remains limited. Breast cancer thoracic metastases lesions are adjacent to the spinal cord and require small ablation zones that many systems cannot provide. The smaller ablation areas can be produced by modulating energy and time. The application of this method makes ablation for the surrounding metastasis tissue of the spinal cord feasible. This work is a small sample study without long-term follow-up and a control group. Therefore, larger prospective, randomized trials of ablation for breast cancer thoracic metastases cases are needed, and longer follow-up periods are required in the future.
Conclusion
Our data suggest that MWA may be considered an alternative therapy in breast cancer thoracic metastases cases. The results show that MWA can be performed with less complications and help to control local recurrence in breast cancer thoracic metastases cases, especially those located in the center of the spinal vertebral body, because lesions are at a safe distance from neurological and vascular non-target structures in this location. Furthermore, future studies are required to evaluate how to control microwave energy and time to further improve the safety and efficacy of treatment for breast cancer thoracic metastases.
